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This paper proposes an improved method to assess the performance of a gravimetric ﬂow test rig. It
addresses the study of two of the most important measurement systems: the weighing scale and all
mass-related corrections, and the time measurement system. By performing a regular diverter test
according to ISO 4185:1980 several times and under different conditions, it was possible to determine
not only the statistical variances of the diverter system, but also the variances of the meter under test
and of the ﬂow test facility separately. The proposed method allows also under special conditions the
determination of systematic errors in the mass determination. The method has been successfully applied
at the large water ﬂow calibration facilities of PTB in Braunschweig and Berlin and is recommended as a
routine to test the performance of gravimetric ﬂow test facilities.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction and motivation
For any ﬂow laboratory the uncertainty estimation of its ﬂow
test rig used for research or traceability purposes and its validation
is of central importance. The uncertainty estimation methods are
universally accepted and the main components like the weighing
system, the water density determination, the ﬂow conditions and
the repeatability of the meter under test (MUT) are well known and
have been the subject of several studies and publications. Never-
theless, there are no standardized methods for the validation of the
obtained uncertainty.
The most recognized way of validating declared uncertainties is
through inter-laboratory comparisons. It is expected that the degree
of equivalence, i.e. the difference between a laboratory's result and
the comparison reference value, is to be smaller than the declared
best measurement capability. In order for the reported data of each
laboratory to be comparable and consistent, all participants have to
measure exactly the same measurand, i.e. all relevant measurement
conditions have to be identical at every laboratory. It is hard to ach-
ieve those preconditions. Since inter-laboratory comparisons often are
the only way to detect biases, it is most likely that participants will
have undetected sources of uncertainty, which makes it difﬁcult, or
even impossible to explain the encountered differences.
One way of avoiding this problem is by taking advantage of an
external reference. This could be achieved by performing more than
one round in a comparison; the ﬁrst round should then allow an
initial view into the participant's performance giving them the
possibility to roughly recognize their ﬂaws and to correct them if
possible. Subsequently, a second comparison round can be perfor-
med. The efforts needed to perform a double comparison round are
huge, therefore a different option would be preferred. An ideal opt-
ion should allow participants to check their systems qualitatively in
order to detect major problems before the comparison is started.
In the following a method is presented to qualitatively detect if
important components of the ﬂow test rig are working properly. It is
an extended version of the timing error detection test proposed by
ISO 4185 [1]. It performs, from a metrological point of view, the
quality control of the ﬂow test rig performance. Additionally it
suggests a way to quantify the repeatability of the test ﬂow
measurement device, and consequently of the test bench alone.
2. Model of the diverter error
The time (Δtd) the diverter takes to change from one end
position to the other may vary from a few milliseconds up to 1 s.
During this time, the ﬂow directed into the weighing tank inc-
reases from zero to the actual ﬂow rate. The form of the incre-
menting ﬂow rate within Δtd is not known. The magnitude of the
ratio Δtd=t deﬁnes whether analysis is necessary.
There are two ways of estimating the timing error: through
modeling and characterizing the blade dynamics and the water jet,
or by modeling the effects that are caused indirectly by the div-
erter. The ﬁrst method delivers more information on the system
like the repeatability of the diverting phenomena itself. However,
large modeling and measuring efforts are necessary to assess the
ﬂow proﬁle measurements at the outlet of the nozzle, and to
characterize the motion dynamics of the blades. This analysis was
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performed by Engel and Baade. [3]. The second method is emp-
irical and was introduced by the international standard ISO 4185.
The advantage of this method is its universal applicability, since no
additional measurement systems are required.
Considering Fig. 1, to obtain an error-free measurement, the
area deﬁned by the testing time limits and the ﬂow rate must be
equal to the dashed area and the following must apply:
aþc¼ bþd ð1Þ
If the ﬂow rate during both diverting motions is different, in the
case that the diverting time Δtd is large, it is advisable to addit-
ionally apply the following symmetry conditions:
a¼ b; c¼ d ð2Þ
If only the ﬁrst condition was used to adjust the trigger point, the
measurement would be error-free only if the ﬂow rate is exactly the
same for both diverting actions. Even symmetric diverters like the
uni-diverter from NIST [2] or the double wing diverter from AIST [5]
have to ensure very stable ﬂow rates at the beginning and at the
end of the measurement. But if also condition (2) were fulﬁlled, the
diverter would cancel its error automatically even if the ﬂow rate
differences are large. Adjusting the trigger point to fulﬁll condition
(2) for every ﬂow rate might, however, not always be possible.
2.1. The ISO 4185 diverter equation
Every time a diverting action is performed during a ﬂow meter
calibration, a constant time error (Δt) is added to the time mea-
surement. If a regular ﬂow meter calibration is repeated including
several diverting actions or “interruptions”, it is possible to calc-
ulate the constant time error introduced by the diverting system.
For this, two measurements are necessary. The ﬁrst measure-
ment consists of only one ﬁlling interval, i.e. a regular calibration,
and the second measurement is performed with n interruptions.
The time and pulses are only counted while the diverter is dire-
cting the water into the weighing tank. For further details on the
procedure refer to ISO 4185. The equation proposed by ISO 4185 to
estimate the diverter error based on these two measurements is
Δtiso ¼
t0c
n1ð Þ
mi
t0i
qi=q
mc
t0c
1
0
BB@
1
CCA ð3Þ
The symbols t, Δt, q and m, represent the time, the timing error of
the diverter, the volumetric ﬂow rate and the collected mass respe-
ctively; subindexes i and c refer to interrupted or continuous interval
measurements respectively, and superindex 0 refers to apparent mag-
nitudes that are directly measured.
Eq. (3) contains simpliﬁcations that in some cases might intr-
oduce systematic errors. The unbiased formulation requires the
introduction of two additional factors: kt to correct for different
ﬁlling times, and kf to correct for different mass ﬂow rates instead
of volume ﬂow rates. If no simpliﬁcations are introduced in the
deduction, the resulting equation, rearranged to have the same
form of the equation proposed by the ISO is given by
Δt ¼ Δtþt
0
c
n
kt
1
 
mi
t0i
kf
mc
t0c
1
0
BB@
1
CCA ð4Þ
kt ¼ t0i=t0c ð5Þ
kf ¼ _mi= _mc ð6Þ
Considering
km ¼
mi
mc
ð7Þ
it can be easily shown that the systematic error introduced by Eq. (3)
is deﬁned by
Δt
Δtiso
¼ n1
nkm
kf
kt ð8Þ
Note. For a detailed derivation of the timing error equations pro-
posed by the ISO 4185:1980, refer to Appendixes A and B.
If Eq. (3) is used iteratively to either calculate the real ﬂow rates or
to adjust the trigger point to eliminate the time measurement error
to zero, then the bias has no considerable inﬂuences.
If the ﬂow test rig calculates the ﬂow meter correcting factor
automatically, it might be more practical to use the following equ-
ivalent form (see Appendix C):
Δt
tc
¼ k
0
ik0c
n
kt
k0ik0c
ð9Þ
where k0c and k
0
i are the apparent ﬂow meter correction factors def-
ined as
k0 ¼ Indication of the MUT
Indication of the reference
ð10Þ
In order to determine the sensitivity to systematic errors, we
would use Eq. (3) due to its simplicity. If we introduce the dimen-
sionless variables including the time
ϵ¼Δt
tc
ð11Þ
we obtain
ϵ¼ 1
nkt
km
kf
kt
 
ð12Þ
The time measurement is typically measured with an uncertainty
below 106. For this reason, the term kt will be neglected for the
following analysis:
ϵ¼ 1
n1
km
kf
1
 
ð13Þ
Eq. (13) shows the robustness of this method. The measured var-
iables are involved through measurement ratios. The use of ratios has
the advantage of reducing statistical variability, and minimizing the
effects of biases.
Fig. 1. Diagram of the timing error concept. The curve shows the mass ﬂow rate
entering into the weighing tank. The dotted line represents the mass ﬂow rate. The time
the diverter takes to change its position is marked with Δtd . The ideal testing time is
deﬁned as the time in which the dashed area becomes equal to the area deﬁned by the
testing time limits and the dotted line. The pulse trail shown below schematically
represents the uninterrupted ﬂow rate perceived by the meter under test.
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2.1.1. Assumptions
The aim of comparing ﬂow rate facilities is to ensure that the
calibration results of any given ﬂow meter are independent of the
laboratory used within the reproducibility of the ﬂow meter. How
to determine the reproducibility of the ﬂow meter is a complicated
and demanding metrological problem that has to be customized
each time to the ﬂow meter used. However, the most important
parameters to check for in a gravimetric facility are always the
measured mass including all corrections, and the measured time.
The diverter test mentioned in the section above has the pot-
ential to serve as a method not only to determine the timing error,
but also to validate the ﬂow test rig results. This is possible, since
the requirements for the test to deliver consistent results overlap
with the requirements of a gravimetric ﬂow test rig. The assump-
tions to be fulﬁlled for a diverter test are the following:
Regarding the weighing systems:
 The weighing drift is negligible for the duration of the meas-
urements.
 There is no time-dependent water loss or gain due to leaks,
condensation or evaporation.
 The linearity error of the weighing scale in the working range is
negligible.
Regarding the ﬂow rate:
 The distribution of the error of the ﬂow measurement device at
the ﬂow rate used is normally distributed.
 The ﬂow measurement device error can be linearized in the
ﬂow rate region used.
 The ﬂow rates during the initial and the ﬁnal diverter motion
are the same.
 The diverter motion does not inﬂuence the ﬂow rate.
Regarding the actuator of the diverting system:
 The duration of the diverter motion has a normal distribution.
 The velocity of the diverter motion as a function of time, is
nearly constant and normally distributed.
To make this concept clear, let us consider two sets of 10 timing-
error determination tests. Each set is performed at the same tem-
perature and ﬂow rate, but using a different ﬁlling mass and/or a
different number of ﬁlling interruptions. If any of the assumptions
above happened not to be fulﬁlled, this would be detected through a
bias in the timing error determination between the two sets as
explained in the section below.
2.2. Systematic inﬂuences
For a diverting system to work properly, it is required that the
introduced timing error is normally distributed. Any correlation of
the timing error to any quantity different than ﬂow or temperature
would be an indication of undetected systematic errors. By under-
taking a sensitivity analysis on Eq. (12) we can estimate the mag-
nitude of the introduced biases.
2.2.1. Mass sensitivity
Let us assume that there is a bias in the mass determination.
The reason for this could be an error in the buoyancy correction, a
non-linearity effect between two mass calibration points or mass
variations due to evaporation, condensation or leaks. If this bias is
for example 1 kg for a ﬁlling mass of 15 000 kg and if we att-
empted to detected the bias through a ﬂow meter calibration, in
order to be able to detect its inﬂuence, it would be necessary for
the repeatability of the ﬂow meter to be better than 7 106
which is not possible. But by using this method, random variability
is reduced through the use of measurement ratios making it pos-
sible to detect small biases.
One precondition has to be given: biases are only detected if
they are dependent on time or on the total accumulated mass. If
this is not the case, they will remain undetected. A bias on both
mass measurements on the same direction would be canceled out
and remain undetected. This is the advantage of the method: if all
conditions are kept constant, biases are canceled out, and the
timing error can be calculated accurately. However if slightly diff-
erent conditions are used, small biases can be detected.
Based on Eq. (13), we can write:
Δt
t
 1
n1
1
kf
mi
mc
1
 
ð14Þ
Since we assume that kt  1, we can write
Δt≈
1
n−1
1
kf
mi
m˙c
−t
 
ð15Þ
and the sensitivity would ﬁnally be given by
∂Δt
∂m
 1
_mðn1Þ ð16Þ
We can see that the sensitivity of Δt to a mass variation is
independent of the ﬁlling times and ﬁlling masses. Based on this
equation, Fig. 2 can be drawn. The inﬂuence that 1 kg total bias on
mass would have on the determination of the timing error is
shown. For example, if a diverter test is performed at a ﬂow rate of
200 m3=h with 10 ﬁlling intervals, if a mass bias of 1 kg exists, a
systematic error of 2 ms would affect the value of Δt.
2.2.2. Sensitivity to the ﬂow measurement
For this case, the same condition applies: the bias has to be
different on both performed measurements. Otherwise it would
remain undetected. One thinkable phenomenon causing an asym-
metrical bias on the ﬂow rate measurement would be when the
diverter action causes dynamic changes to the ﬂow rate. This is the
case where closed coupled valves are used. Depending on the nature
of the ﬂow rate variations and on the ﬂow meter working principle
the volume integrated by the ﬂow meter will be more or less biased.
The introduced bias has a reduced importance for a regular calibra-
tion, but it is important for the timing error determination. Note also
that the ﬂowmeasurement result and the ﬂuid density measurement
always appear together. Due to this, their effects cannot be separated.
Fig. 2. Sensitivity of the timing error to a systematic mass error of 1 kg, given in
milliseconds.
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Based again on Eq. (13) and assuming km to be approximately 1,
we can write
Δt
t
 1
n1
_mc
_mi
1
 
ð17Þ
∂Δt
∂ _mi
 tðn1Þ
 _mc
_m2i
ð18Þ
assuming the ﬂow rate bias is small we can ﬁnally write
∂Δt
∂ _m
 tðn1Þ _m ð19Þ
Based on Eq. (19) we can draw Fig. 3.
From the deductions above, it can be concluded that if the
diverter test is performed with slightly different ﬁlling times or
masses, it is a sensitive test to determine the inﬂuence of biases
that would remain undetected otherwise.
2.3. Variance of the method
It is necessary to estimate the variance of the method to include it
into the uncertainty budget. For this the experimental sample vari-
ance would sufﬁce. From Eq. (13) we can see that the variance of the
ﬂow measurement, the variance of the mass measurement and the
variance of the diverter itself have to be related.
Since time measurements are performed normally at an accu-
racy better than 106 s, we can assume σkt  0, justifying the use
of Eq. (13). The associated variance of the method would be given
by
σ2ϵ ¼
1
n1
 2 1
k2f
σ2kmþ
1
n1
 2k2m
k4f
σ2kf ð20Þ
As a ﬁrst conclusion we can say intuitively, if the number of
interruptions increases, the variance should decrease rapidly.
Analyzing Eq. (20), we can see that the variance of the diverter
system itself σ2δ does not apparently play a role. This assumption
would be physically incorrect. The contribution of σδ includes the
effects of σkm, since every variation of the blade dynamics, or of
the nozzle ﬂow proﬁle would be detected by the weighing system.
Note. The variance σΔt describes the spread of the timing error
determination method. The diverter variance σδ depends on differ-
ent parameters; it represents an additional contribution to σΔt .
Given that kf ¼ _mi= _mc , and that the variance of the ﬂow meter
remains constant
σ _mi ¼ σ _mc ¼ σ _m ð21Þ
the value of σkf depends on the level of correlation r of σ _m :
σkf ¼ σ _m
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
22r
p
ð22Þ
The results of an ideal measurement instrument are not auto-
correlated ðr¼ 0Þ. This means that all relevant systematic effects
are known and have been compensated, and that all remaining
inﬂuences are of random nature. But in reality there is a small
correlation remaining since not all inﬂuence quantities can be
compensated. The level of correlation between _mi and _mc can be
determined empirically. But in order to be able to estimate auto-
correlation, it is necessary for the ﬂow rate indications to be
normalized to the same reference. Consequently, the correlation
analysis cannot be performed based directly on the ﬂow rate
indications, but has to be based on the correction factors of the
ﬂow meters. Therefore, since the same reference is used, an
additional correlation source is introduced. Nevertheless, it is
considered that for low correlation factors, the estimation of the
correlation factor through the correction factors is sufﬁciently
accurate.
For km special treatment is necessary. As stated before, if the
mass ratio measurement is unbiased, and the measurements have
been performed under repeatability conditions,1 the variations of km
can be attributed only to the randomness of the diverter motion σδ.
By rewriting km as a function of ﬂow rate and time, we can include
the effects of the randomness of the diverter motion:
km ¼
_mi t0iþ
Pn
j ¼ 1Δtj
 
_mc t0 þΔt
 
The mass ﬂow rates are per deﬁnition of the true ﬂow rates and can
be assumed to be constant, if additionally _mi  _mc , we obtain
km ¼
t0iþ
Pn
j ¼ 1Δtj
 
t0 þΔt  ð23Þ
Note that limn-1
Pn
j ¼ 1Δtj ¼ nΔt but ΔtaΔtj. Considering
that due to the averaging effect we have
σPΔtj ¼ σδﬃﬃﬃnp ð24Þ
and given that it can be easily proven that
Pn
j ¼ 1Δtj andΔt can be
treated in this application as independent random numbers, the
variance of σkm can be approximated by
σ2km ¼
t0iþnΔt
 2
t0 þΔt 4 σ
2
δþ
n2
t0 þΔt 2σ
2
δ
1
n
ð25Þ
Assuming also that the ﬁlling times are the same, and that the
timing error is small
t0iþnΔt
 
t0 þΔt   kt  1 and kf  1 ð26Þ
the variance of consecutive mass measurements caused by the
diverter variations would be given by
σ2km ¼
1þn
t2c
σ2δ ð27Þ
By introducing Eq. (27) and applying the conditions of (26) into
Eq. (20), we obtain
σ2ϵ ¼
1
n1
 21þn
t2c
σ2δþ
1
n1
 2
σ2kf ð28Þ
Fig. 3. Sensitivity of the timing error to a systematic error in one ﬂow rate
measurement, calculated for 1 min ﬁlling time, given in milliseconds. A bias on one
density measurement would produce the same inﬂuences.
1 Repeatability conditions include in this case the environmental and ﬂuid
temperature, as well as a short time between measurements.
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Reintroducing σΔt and rearranging the terms gives
σ2Δt ¼
nþ1
n1ð Þ2
σ2δþ
t2c
n1ð Þ2
σ2kf ð29Þ
As we can see the resulting value of σΔt depends on the duration
of the tests and on σkf . By observing Eq. (29) it becomes clear that
it is possible to extract the values of σkf and σδ .
3. Experimental results
Exhaustive diverter tests have been performed at the heat
meter testing laboratory of the PTB-Berlin (PTB-1) and at the ﬂow
test facility of the PTB-Braunschweig (PTB-2). Some of these
results are published by Mathies and Lederer in [4] or by Engel
and Baade [3]. The conﬁguration of the diverter installed at the
PTB-Berlin has some different characteristics compared to typical
diverters for cold water. The reason is that water temperatures up
to 90 1C are used to test heat ﬂow meters. Due to the high evap-
oration rates expected at temperatures above 40 1C open water
surfaces have to be avoided.
The most simple representation of a diverter consists of a blade
with one angular degree of freedomwithin a containment with an
entrance at the top, and two outputs at the bottom. The water
beam coming from the test lines is directed through a nozzle
directly to the rotation center of the blade. This type of diverter is
used by PTB-2.
In the case of PTB-1 basically the same system is used, but
instead of using only one diverter system, eight small diverting
units are used simultaneously. To reduce the required blade size,
instead of having the diverting motion actuated by rotation, the
motion is performed by the nozzles through translation maintain-
ing the angle between the blade and the ﬂow direction constant.
This eliminates the ﬂuid forces acting on the blades. The eight
diverter systems are coupled and positioned in a radial symmetry
to reduce the required space as seen in Fig. 4.
Fig. 4 shows a diagram of the diverter installed at PTB in Berlin
(PTB-1). Two diverter systems are used, one for the range up to
200 m3/h and the other for the ﬂow range up to 1000 m3/h. The
ﬂuid is directed from the bottom into the diverter. There the ﬂow
is directed down to the eight nozzles. At each of the nozzles a ﬂow
conditioning system with 280 holes is installed. This is necessary
in order to obtain a uniform block proﬁle. The trigger point that
starts the time measurement and the pulse counting on the MUT is
deﬁned geometrically, i.e. for example at 51% of the total way. It is
the same point for both diverting directions. This means that an
early trigger point in the ﬁrst diverting action corresponds to a late
triggering point in the ﬁnal diverting action. In spite of being
almost completely encapsulated, the diverter still works without
inﬂuencing the ﬂow. The actuators are pneumatic ensuring fast
dynamics; the position is monitored using a radial incremental
encoder.
The test conditions are summarized in Table 1. The ﬂow meters
used are of the electromagnetic type in both cases. For the PTB-1
100 pulses per liter were conﬁgured, and for the PTB-2 about 13
pulses per liter. In order to guarantee normality, rough errors have
been ﬁltered out using standardized methods prior to their incl-
usion in the analysis.
As we can see in Fig. 5, the determination of the diverter error
can be as accurate as 1 ms for n450.
Considering Fig. 6, PTB-2 does not present any anomaly. For
PTB-1 a dependence of the timing error on the amount of inte-
rruptions seems to exist. This is physically not possible. The reason
for this deviation can be explained through a systematic inﬂuence
of the weighing system. Considering Section 2.2 as seen in Fig. 2 a
bias of 1 kg would be necessary to produce a bias of about 2 ms at
200 m3/h and n¼9 in the timing error, the actual bias is of about
1 ms, which would correspond to a bias on the mass measurement
of about 0.5 kg. The weighing scale of PTB-1 is calibrated on a daily
basis, and if required, before every measurement. The loads used
for calibration are increased at 560 kg steps. The loads in between
are validated, but not calibrated periodically using external wei-
ghts. The tolerable mass bias (linearity error), due to this lack of
calibration between points, is as large as 0.2 kg between two
calibration steps. The diverter tests for n¼9 and n¼14 have been
performed with masses mi  13 700 kg and mc  14 300 kg. The
results strongly suggest that there has been a bias of different
signs on both mass measurements. The loads used mi and mc are
just between two calibrated points. A bias cannot be rejected.
Given the nature of the sensitivity of the timing error to a mass
bias, the measurements with large n provide a good estimation
despite the small mass measurement errors. A mass bias of this
Fig. 4. Diagram of the diverter installed at PTB-Berlin (PTB-1). The working
principle is the same as for single blade diverters; the main difference is that
instead of using only one blade, several radial-positioned blades are used. The ﬂuid
enters the diverting system at the bottom. Water is distributed into the 8 nozzles
and directed to the blades. The actuating system consists of four pneumatic
cylinders. Source: Alfons Witt.
Table 1
Diverter test conditions.
Parameter PTB-2 PTB-1
Temperature (1C) 20 50
Flowrate (m3/h) 90 199
Interruptions 7, 14, 26, 51 8, 17, 33, 54
Duration (s) 100 260
Mass (kg) 2500 14 000a
Repetitions 15 15–20
Timing error (ms) 4.6 8.6
Corre. r for km 0.076 0.170
Flow repeat.b (%) 0.008 0.016
a Some measurements have been performed at 19 900 kg.
b Refers to the repeatability of the k-factor of the reference ﬂow meter.
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magnitude is being considered already in the uncertainty budget
of the calibration facility.2
3.1. Estimation of the parameters
The parameters of Eq. (29) can be estimated through a weig-
hted least square linear regression. For this purpose, the equation
will be rearranged introducing the independent parameter λ and
the dependent parameter ϕ:
ϕ¼ σ2Δt
n1ð Þ2
nþ1ð Þ ð30Þ
λ¼ 1
nþ1ð Þ ð31Þ
By doing so we obtain
ϕ¼ t2σ2kf λþσ2δ ð32Þ
Now it is easier to ﬁt the values of σδ and σkf in Eq. (32) based on
the experimental data. Considering that for a normal distribution
the variance of the sample variance is given by
σ2σΔt ¼ σ2Δt
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2=N
p
ð33Þ
as weights for the weighted least squares we will use the inverse
variances of the sample variances.
The results of the regression are the slope S and the 0-crossing
ϕ0. Given these two parameters and considering Eq. (22) we can
write
S¼ t2σ2kf ¼ 2 t2σ2_m ð1rÞ ð34Þ
ϕ0 ¼ σ2δ ð35Þ
In Figs. 7 and 8 we can see the obtained sample variances, the
0.95 conﬁdence intervals of the sample variances, the weighted least
square regression line, and the 2-sigma region for the zero-crossing
(ϕ0). Fig. 9 shows the ﬁtting results back in the domain of n and σΔt .
Table 2 resumes the regression results shown in Figs. 7 and 8.
Considering Eqs. (34) and (35), it is clear that the slope S of the
regression line, and the 0-crossing point ϕ0 have to be positive to
produce real results. However, the weighted least squares result in
very small negative values for ϕ0. This can be attributed to the
uncertainty of the experiment itself. But considering for example
the 0.95 conﬁdence intervals of the sample variances for both
experiments at PTB-1 and PTB-2, we can see on Figures 7 and 8
that for these experiments, a family of possible solutions that
ﬁt between both 0.95 limits, and that fulﬁll the condition of ϕ04
0 does exist.
Fig. 5. Standard deviation of the timing error for different amounts of ﬁlling
interruptions during the tests in the PTB-Braunschweig (2) and PTB-Berlin (1). The
standard deviation values are based on 15 repetitions, only the last point of PTB-1 is
based on 20 repetitions.
Fig. 6. Timing error at both laboratories.
Fig. 7. Linear ﬁt function of the parameters ϕ and λ for the tests carried out at the
PTB-Berlin.
Fig. 8. Linear ﬁt function of the parameters ϕ and λ for the tests carried out at the
PTB-Braunschweig.
2 Due to the small mass measurement bias detected, a redundant weighting
system based on strain gauges has been installed in PTB-1. This measure improved
the robustness against linearity errors between calibration points. The results of
these improvements are the subject of a different study.
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By applying a weighted least squares regression instead of
regular least squares, the obtained results are not just single
points, but rather result ranges deﬁned by an upper and a lower
limit. The real value is between those limits. These limits are
deﬁned by the uncertainty associated to the regression results. A
simple strategy for obtaining a robust worst case estimation of the
wanted parameter is to use those limits that result in the largest
uncertainty. Please consider the following interesting numerical
example extracted from [6] for selecting the appropriate limits.
Considering the characteristics of the variance of the sample
variance σσsv, if normality is given, the 0.95 conﬁdence region
would be deﬁned by
P σ2σsvσ2
		 		r1:96σ2 ﬃﬃﬃﬃﬃﬃﬃﬃﬃ2=Npn o¼ 0:95 ð36Þ
if we state a requirement of a maximum error of 10%, thenwewould
obtain
σ2σsvσ2
		 		
σ2
¼ 0:10 ð37Þ
1:96σ2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2=N
p
σ2
¼ 0:10 ð38Þ
consequently, the required sample size would be
N0:95  750
By reducing the conﬁdence down to 0.68, would require
N0:68  200
This lets us conclude that even the requirement of a conﬁdence
level of 0.68 for any regular measurements where the sample var-
iance is directly estimated is hard to fulﬁll. Therefore, in the foll-
owing analysis a conﬁdence level of 0.68 will be considered to be
sufﬁciently rigorous. Consequently, the expansion factor for the
variance of the sample variance would be 1.
For the timing error, the worst case scenario would be given by
max σδð Þ ¼ϕ00:5þσϕ00:5 ð39Þ
In this case, the value of ϕ0 is negative, therefore we assume
ϕ0
0.5 approx 0. The extreme values for the repeatability of the ﬂow
meter are deﬁned by
maxðσ _m Þ ¼ σ _mþσσ _m ð40Þ
minðσ _m Þ ¼ σ _mσσ _m ð41Þ
As seen in Table 3 the standard deviation of the diverting systems
of the PTB-Braunschweig is 1.2 ms and for the PTB-Berlin 3.3 ms.
Engel and Baade [3] have proven, using the modeling approach,
that the uncertainty contribution of the timing error at the PTB-
Braunschweig is not greater than 4 ms. This result can be considered
compatible with the results found in this paper. In the case of the
PTB-Berlin it is not possible to establish a full model of the diverting
phenomena. The reason for this is that the ﬂow at the entrance of
the diverter will always be unknown since there is no possibility of
measuring the velocity proﬁles. For this reason, the obtained value
of 3.3 ms will be included in the uncertainty budget.
3.2. Repeatability of the test bench
The repeatability of the test bench alone σref can be expressed
based on the repeatability of the calibration factor σcal of the ﬂow
meter, and on the repeatability of the ﬂowmeter alone σ _m . By con-
sidering this we have
σref ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
σ2calσ2_m
q
ð42Þ
If we considered the upper limits for the repeatability of the ﬂow
meter σ _m , we would underestimate the repeatability of the test
bench; therefore, the lower limit should be used in order to have a
worst case estimation. The following results were obtained (Table 4).
The repeatability of the ﬂow rate facilities, including all systems
taking part in the measurement have been estimated to be at the
most 0:64 104 and 0:87 104 for both facilities. This is the only
method that provides a well-founded result to estimate the repeat-
ability of the test bench alone.
4. Discussion
In order to obtain the presented results about 120 ﬂow meter
calibrations were required for each facility. About 3000 diverting
actions per diverter were performed. Considering the large effort
required and the material fatigue induced on the diverter
Fig. 9. Measured and ﬁtted standard deviation of the timing error for different
amounts of ﬁlling interruptions during the tests in the PTB-Braunschweig (2) and
PTB-Berlin (1).
Table 2
Weighted least squares results with its corresponding standard errors.
Parameter PTB-1 PTB-2
S 23.03E04 2.511E04
σS 4.17E04 0.52E04
ϕ0 7.07E06 0.67E06
σϕ0 11.31E06 1.64E06
σ _m 1.43E04 1.16E04
σσ _m 0.61E04 0.53E04
Table 3
Repeatability of the ﬂow meter and of the diverter.
Parameter PTB-1 PTB-2
maxðσ _m Þ 2.04E04 1.69E04
σ _m 1.43E04 1.17E04
minðσ _m Þ 0.82E04 0.64E04
maxðσδÞ 0.0034 s 0.0013 s
Table 4
Fitting results for σref .
Laboratory σ _m σcal σref
PTB-1 0.82E04 1.20E04 0.87E04
PTB-2 0.64E04 0.90E04 0.64E04
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components, if the goal was only to determine the diverter induced
timing error and its uncertainty, it is questionable whether the
invested resources would always justify the results. Even more so if
we consider that only one ﬂow rate at one ﬂuid temperature has been
analyzed. Performing tests for several ﬂow rates and temperatures
should be analyzed well, since aging might cause a drift of the
diverter characteristics, and the conclusions drawnmight not be valid.
However, if the aim of the test is to obtain an estimation of the
repeatability of the test bench, or the repeatability of one or of
several ﬂow meters installed during the tests, then the efforts
might be seen as reasonable. One might consider avoiding mea-
surements with a lower number of ﬁlling intervals since they do
not weigh much during the least squares regression. But if we
consider that systematic errors on the mass determination are det-
ectable only using low n, these measurements are important as
those with large n.Given that the method aims to obtain a worst
case estimation, the fact that the regression analysis delivers a
very small negative value does not invalidate the results, but
underlines instead the importance of estimating also the variance
of the regression results by using the weighted least squares
analysis.
The estimation of systematic errors in the mass measurement
through the diverter tests can give well-founded evidence of the
presence of errors. The evidence of a small mass bias on the results
of the PTB-1 conﬁrm the sensitivity of the method. Nevertheless, it
cannot be used as a general calibration replacement, since the
reasons for a bias may be diverse, and require a more detailed study
to be isolated and eliminated.
Only by using the weighted least squares method is it possible to
estimate adequately the standard error of the regression, and conse-
quently to establish boundaries on the obtained variances. The pre-
sent approach is considered a good option to determine the repeat-
ability of the ﬂow test rig. Other methods based on correlation and
variance subtraction as proposed by Hayward [7] and Poeschel [8] are
considered difﬁcult in practice given the fact that the variance of the
sample variance requires hundreds of measurements to deliver acc-
urate results.
5. Conclusions
It can be concluded that the proposed method is applicable
to test the overall performance of a ﬂow test rig, providing a tool to
detect whether the mass determination is working properly. Add-
itionally, it allows the estimation of the variances of the diverter
system, and of the ﬂow meter and the ﬂow test rig independently.
It has been shown that small statistically relevant differences in
the determined timing errors indicate if a bias has occurred.
Furthermore, it can also be inferred that the weighted least squ-
ares regression would deliver plausible results only if all measure-
ments have been performed under repeatability conditions.
The regression results give further insight into the diverter
characteristics, into the ﬂow meter used, and into the ﬂow test rig
itself. If this method is used periodically as part of a validating pro-
cedure, relevant biases that could affect the results, of interlaboratory
comparisons for example, could be detected early and eliminated.
Considering that the diverting systems, like every mechanical
system, are prone to aging, it is recommended to keep the amount
of tests to a minimum.
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Appendix A. ISO 4185 method 2
Consider Figs. 10 and 11. The timing error shown in the
horizontal axis can also be interpreted as an apparent ﬂow rate
error. The dashed area is the mass error that would originate
through timing error Δt.
For a continuous test run:
Δmc ¼Δ _mc  t0c ð43Þ
Δmc ¼Δt  _mc ð44Þ
For a discontinuous test run:
Δmi ¼ n Δt  _mi ð45Þ
Δmi ¼ t0i  Δ _mi ð46Þ
eliminating Δmc and Δmi from Eqs. (43)–(46), we obtain the app-
arent ﬂow rate variation:
Δ _mc ¼
Δt
t0c
_m
Δ _mi ¼
n Δt
t0i
_mi
Fig. 10. The ﬁgure shows that the diverter error in the time measurement shown in
the horizontal axis can also be seen as an error on the vertical axis as a ﬂow
rate error.
Fig. 11. The ﬁgure shows that also for an interval ﬁlling measurement the diverter
error can also be seen as an error on the vertical axis as a ﬂow rate error. The
diagram is simpliﬁed. Off-times, where water ﬂows to the bypass, are not shown.
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Considering a continuous test runwe obtain the following relations:
_m 0c ¼
m
t0
_mc ¼ _m 0cΔ _mc
_mc ¼
mc
t0c
Δt
t0c
_mc ð47Þ
solving for _m
_mc ¼
mc
tc
1
1þΔt
tc
ð48Þ
Analogously, considering an interrupted test run we obtain
_mi ¼
mi
t0i
n Δt
t0i
_mi ð49Þ
_mi ¼
mi
ti
1
1þnΔt
ti
ð50Þ
Ideally, the continuous test run, and the one with interval ﬁlling
periods should be performed under the same conditions, i.e. exa-
ctly the same ﬂow rates should be installed and the same ﬁlling
times should be aimed at. When this is however not possible or
not wanted, a correcting factor kq can take into account the small
ﬂow rate variations. Similarly we apply kt to compensate for diff-
erent ﬁlling times:
kt ¼ t0i=t0c
kf ¼ _mi= _mc ð4Þ
By inserting Eqs. (48) and (50) into kf and applying km and kt
kf ¼
km
kt
1þΔt
t0c
1þnΔt
t0i
ð51Þ
rearranging the equation gives
km
ktkf
¼
t0cþ
nΔt
t0i
t0c
t0cþΔt
ð52Þ
subtracting 1 yields
km
ktkf
1¼
t0cþnΔtt0i t
0
ct0cΔt
t0cþΔt
ð53Þ
Factorizing Δt on the numerator
km
ktkf
1¼
Δt n
kt
1
 
t0cþΔt
ð54Þ
and solving for Δt on the numerator we ﬁnally obtain
Δt ¼ Δtþt
0
c
n
kt
1
 
mi
t0i
k
m
t0c
1
0
BB@
1
CCA ð4Þ
The simpliﬁcations made in the equation proposed by ISO 4185
might be adequate for most of the cases, but under certain circ-
umstances they may introduce a considerable bias on the diverter
error as seen. Eq. (4) is completely equivalent to the equations
used for example in [2,4].
Appendix B. ISO 4185 method 1
The second approach introduced by ISO 4185 has not been tre-
ated in this paper. However it was considered relevant to provide
the way it works in order to allow a better judgment of the meth-
ods used to test the diverter system. This approach is also based on
the comparison of two calibrations, but instead of varying the
number of diverting actions, only the duration of the test is
changed. Since the diverter error does not change, the effect on
the resulting apparent ﬂow rate allows the determination of the
diverting error.
By rewriting Eq. (48) in terms of the apparent ﬂow rate for two
measurements in different conditions _m01 and _m
0
2:
_m01 ¼
Δt
t1
_m1þ _m1
 
_m02 ¼
Δt
t2
_m2þ _m2
 
Subtracting term by term and reordering we obtain
Δt
_m1
t01
 _m2
t02
 
¼ _m 01 _m 02
  _m1 _m2ð Þ ð55Þ
and dividing by _m 02 we obtain a similar equation presented by ISO
4185.
Δt
_m02
_m1
t01
 _m2
t02
 
¼
_m 01 _m 02
  _m1 _m2ð Þ
_m 02
As seen in Eq. (55), this method is strongly dependent on the
accuracy of the ﬂow meters used. In order to reduce this random
error, several measurements have to be made. Considering that Δt
is the slope of the equation of a line drawn by Eq. (55), the inte-
rnational recommendations suggest estimating its value by means
of a linear regression. This method has the advantage that no add-
itional special measurements have to be performed. It is basically
possible to include every measurement made by the test rig to
conﬁrm or to monitor the diverter error, provided that the refe-
rence ﬂow meters used are stable and repeatable.
Appendix C. K-factor formulation
The apparent relative error of a ﬂow meter for the continuous
and the interrupted measurements are deﬁned as
k0c ¼
_m 0c
mc
t0c
ð56Þ
k0i ¼
_m 0i
mi
t0i
ð57Þ
The real relative error would be given by
kcr ¼
_m0c
mc
t0cþnΔt
ð58Þ
kir ¼
_m0i
mi
t0iþΔt
ð59Þ
By expressing Eqs. (58) and (59) as a function of k0c and k
0
i we can
write
kcr ¼ k0cþ
Δt
mc
_m 0c
ð60Þ
kir ¼ k0iþn
Δt
mi
_m0i
ð61Þ
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Assuming that the relative error of the ﬂow meter for the region
near the working point is constant, then we can write
kcr ¼ kir ð62Þ
Finally, solving for Δt gives
Δt
tc
¼ k
0
ik0c
n
kt
k0ik0c
ð63Þ
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